Objective MUC1, MUC5AC, and MUC6 are main constituents of the mucus barrier in the stomach, which protects the underlying epithelium from acid, proteases, mechanical trauma, and pathogenic microorganisms. Accumulating evidence implicates potential roles of MUC1, MUC5AC, and MUC6 genetic variation in the development of stomach cancer. Methods We evaluated the relationship between common genetic variations in these genes and stomach cancer risk, using an LD-based tagSNP approach in a population-based case-control study conducted in Warsaw, Poland, during 1994-1996. We genotyped 6, 8, and 14 tagSNPs in MUC1, MUC5AC, and MUC6 genes, respectively, among 273 cases newly diagnosed with stomach cancer and 377 controls. Results Each of the six tagSNPs tested across the MUC1 region showed statistically significant associations with an increased risk of stomach cancer. Carriers of the haplotype ACTAA rare alleles of rs4971052, rs4276913, rs4971088, rs4971092, and rs4072037 had a nearly doubled risk (OR = 1.93, 95% CI = 1.49-2.48) compared to the referent haplotype GTAAG. Out of the eight tagSNPs across MUC5AC region, only minor allele of rs868903 was significantly associated with an increased risk of stomach cancer (OR = 1.80, 95% CI = 1.22-2.63). Conclusions Overall, our data provide evidence that some common variations in MUC1 and MUC5AC genes contribute to an elevated risk of stomach cancer. Further studies are needed to confirm these novel findings.
Introduction
Although decreasing in most countries, stomach cancer remains the fourth in cancer incidence and the second leading cause of cancer-related death in the world [1] . Helicobacter pylori (H. pylori) is a well-established risk factor for stomach cancer and has been classified as a definite human carcinogen by the IARC based on epidemiological and animal studies [2] . Nearly half of the world's population is infected with H. pylori. However, only a minority of those infected eventually developed stomach cancer even in high-risk areas, such as Japan [3] , suggesting that host genetic and environmental factors are important.
Within the human body, H. pylori reside primarily in the gastric mucous layer [4] . Mucins are heavily glycosylated glycoproteins that constitute the major components of the mucous protective layer across the upper mucous surfaces [5] . To date, many distinct mucin genes have been identified. In situ hybridization and immunohistochemical studies have shown that these mucins are differentially expressed in epithelia with cell type specificity [6] [7] [8] . The normal gastric mucosa shows cell type specific expression of MUC1, MUC5AC, and MUC6, with the first two mucins found in the superficial epithelium and the MUC6 in the deep glands [6, [9] [10] [11] [12] [13] . Studies have suggested that MUC5AC forms the major receptor for H. pylori in the human stomach [14, 15] and that the infection can alter the expression of MUC1, MUC5AC, and MUC6 genes. During the process of gastric carcinogenesis, the expression of these genes is altered [9] [10] [11] [16] [17] [18] . High levels of MUC1 mRNA have been detected in gastric carcinomas, whereas decreased levels have been reported for MUC5AC and MUC6 [19] . The cumulative evidence suggests a possible role for the MUC1, MUC5AC, and MUC6 genetic variation in the development and progression of stomach cancer.
Some studies have examined the relationship between a variable number tandem repeat (VNTR) polymorphism of MUC1 gene and the risk of stomach cancer, where the smaller size MUC1 VNTR alleles are suggested to be associated with H. pylori infection [16] . In the Portuguese population, which has a relatively high stomach cancer incidence in Europe, the smaller size MUC1 VNTR alleles have been shown to be associated with an increased risk for gastric carcinoma [20] , as well as chronic atrophic gastritis and incomplete intestinal metaplasia [21] . In addition, the smaller size VNTR alleles of MUC6 have been associated with H. pylori infection [22] and an excess risk of stomach cancer [23] , suggesting that the MUC6 VNTR polymorphism is involved in the stomach cancer development. To date, the role of MUC5AC gene polymorphisms on the risk of stomach cancer has not been reported.
To better understand the roles of genetic variation in the MUC1, MUC5AC, and MUC6 genes in the development of stomach cancer, we explored the associations between genetic variation in these genes and gastric cancer risk by a comprehensive LD-based tagSNP approach in a population-based case-control study in Warsaw, Poland, a highrisk area for stomach cancer among Caucasians.
Materials and methods

Subjects
Details of the study design and method have been published elsewhere. Briefly, Warsaw residents aged 21-79 years, all Caucasian, who were newly diagnosed with gastric cancer between March 1994 and April 1996, were eligible as cases. All cases were pathologically confirmed as gastric adenocarcinoma after identification through collaborating physicians in 22 hospitals and 8 private endoscopic units serving the study area and by regular reviews of the Cancer Registry to ensure completeness of case ascertainment. Controls were randomly selected among Warsaw residents using a computerized registry of all legal residents in Poland, updated monthly with nearly 100% registration completeness. Controls were frequencymatched to cases by gender and age in 5-year strata.
Information was collected through interview on demographic background and lifestyle factors. Among eligible cases (n = 515) and controls (n = 549), successful interviews were conducted for 464 cases (90%); 324 direct interviews and 140 next-of-kin interviews for deceased cases and 480 (87%) controls. Blood samples were obtained from 305 (66%) and 427 (89%) of the participating cases and controls, respectively. Genomic DNA was available in 273 cases and 377 controls. Each participant gave informed consent, and the study was approved by Institutional Review Boards at the US National Cancer Institute, the Cancer Center and Institute of Oncology of Health in Warsaw, Poland and the Regional Ethics Committee of Karolinska Institutet in Sweden.
Selection of tagSNPs
For the selection of tagSNPs, we used information from HapMap Phase 2 data (http://www.hapmap.org). TagSNPs were chosen using the LD-based method by Carlson et al. [24] . The region analyzed included 20 kb upstream of the first exon and 10 kb downstream of the termination of the last exon. An LD threshold of r 2 [ 0.8 and a minor allele frequency (MAF) [ 5% were used for tagSNP selection.
The HapMap2 database contains 26, 18, and 57 SNPs with MAF [ 5% in the MUC1, MUC5AC, and MUC6 genes and their adjacent regions, respectively. TagSNP selection yielded 10 bins for MUC1, 12 bins for MUC5AC, as well as 19 bins for MUC6 gene region.
Genotyping
Genomic DNA was extracted from buffy coats by standard methods. Genotyping was performed by SNPlex method at Core Genotyping Facility of National Cancer Institute, MD. SNPlex reactions were analyzed on an Applied Biosystems 3730 DNA Sequencer. Details about assays, primers, probes, and procedures are available at the National Cancer Institute's SNP500 website (http://snp500cancer.nci.nih. gov). Among a minimum set of 10, 12, and 19 tagSNPs selected in the MUC1, MUC5AC, and MUC6 genes, respectively, 13 SNPs were excluded because of assay design or genotyping failure. Finally, 6, 8, and 14 tagSNPs in MUC1, MUC5AC, and MUC6 gene, respectively, were genotyped, which were further described in Appendix A. Genotyping data for each tested SNP were successfully obtained for more than 98% of the subjects. Laboratory staff was blinded to case/control status. For quality control purpose, eight subjects chosen randomly were genotyped twice for all tagSNPs, and the results were 100% concordant.
We successfully genotyped 28 tagSNPs spanning a region of 39.3, 27.1, and 110.5 kb across MUC1, MUC5AC, and MUC6 gene, respectively, in 273 cases with gastric cancer and 377 controls. Of the 28 tagSNPs, three (rs6427184 in MUC1 gene, rs11602663 and rs7119740 in MUC6 gene) did not conform to fitness for Hardy-Weinberg proportion among controls, based on the Pearson's v 2 test. Hence, these three SNPs were excluded from haplotype analyses. The deviation from Hardy-Weinberg equilibrium could be due to systematic errors in genotyping or population stratification. We believe though, due to the success of genotyping of other tagSNPs, that such systematic error unlikely occurred in this setting. However, genotyping errors due to poor quality of the matching probes could explain the deviation from Hardy-Weinberg equilibrium, especially when competing with other probes in a multiplex setting. The concern of differences in geographic distribution or population stratification also is unlikely as all our study subjects are Caucasians living in Warsaw. We could not exclude the possibility that some mucin gene variants are truly not in Hardy-Weinberg equilibrium. Further data are needed to confirm this observation.
Statistical analysis
Unconditional logistic regression model was used to estimate odds ratios (ORs) and their corresponding 95% confidence intervals (CIs) adjusted for age and gender. For all SNPs, the homozygote of the common allele was used as the referent. To account for type I errors of multiple testing, statistical significance was assessed by empirical p values derived from the Westfall & Young permutation (n = 10,000) with minimum p values and step-down method [25] . Haplotypes were imputed by ExpectationMaximization method using all five tagSNPs for MUC1 and eight tagSNPs for MUC5AC. Because MUC6 has a large number of tagSNPs, its haplotypes were constructed based on the LD blocks derived from the HaploView 4.0 program [26] . Rare haplotypes with frequency less than 2% among the controls were combined as one group. The probabilities of having certain haplotypes for each individual, inferred from the Expectation-Maximization algorithm, were used as weights in weighted logistic regression models with Sandwich covariance [27] . Global p values derived from the regression models were used to assess the difference in overall haplotype profiles between comparison groups. All statistical analyses were performed using SAS 9.2 (SAS institute, Cary, NC).
Results
There was no significant difference in the distribution of age, gender, smoking, H. pylori status, cancer phenotype, or alcohol use between the study subjects who were included in the genetic analysis from those who were not (data not shown). Characteristics of participants in the present analysis are summarized in Table 1 . Cases and controls were similar with respect to the distribution of age and gender, as these factors were frequency-matched. Cases were more likely than controls to report a history of smoking and a family history of stomach cancer. Compared to controls, there were more former drinkers and less current drinkers among the cases. The majority of the cases were of the intestinal histologic type (66%) and non-cardia subsite of origin (72%).
MUC1 polymorphism and stomach cancer risk
Each of the six tagSNPs tested across the MUC1 region showed statistically significant associations with an increased risk of stomach cancer, and the associations remained statistically significant after adjusting for multiple tests (Table 2) . Furthermore, a gene-dosage effect was observed for all tagSNPs, with significantly higher ORs associated with increasing number of minor allele, except for rs4971092 and rs6427184. For rs4971092, homozygotes of minor allele were rare (only five cases and five controls), and rs6427184 had no minor allele homozygotes.
Haplotype analysis revealed five common haplotypes with frequency C5%, which had a cumulative frequency of 97% in controls (Table 3) . A statistically significant global association of haplotypes with stomach cancer risk was observed (p global \ 0.0001). Carriers of the haplotype ACTAA containing the rare alleles of rs4971052, rs4276913, rs4971088, rs4971092, and rs4072037, with a frequency of 34.4% in controls, displayed a significantly increased risk of stomach cancer (OR = 1.93, 95% CI = 1.49-2.48) compared to the referent haplotype GTAAG. The other two less common haplotypes (around 5% in controls), GTAGG and GTAGA, were also associated with significantly increased risks of the malignancy. There was also a tendency of gene-dosage effect (p trend = 0.0055), with ORs increasing from 1.74 for heterozygotes to 1.92 for homozygote carriers of the minor allele when compared to the common allele homozygotes. In addition, minor allele homozygotes of rs2014486 and rs2735733 were associated with an increased risk of stomach cancer when compared with their respective referent group, but both were not significant after adjustment for multiple testing (Table 4) . Ten haplotypes with a frequency ranging from 2 to 30% accounted for 93.4% of the observed haplotypes in controls (Table 5 ). An overall association with stomach cancer risk was observed (p global = 0.026). Haplotype GACACCTA containing the minor allele of rs868903 had a frequency of 14.5% in controls and was associated with an increased risk of stomach cancer (OR = 1.60, 95% CI = 1.19-2.15). Haplotype AGCGTCTA, with a frequency of 6.6% in controls, was also significantly associated with an increased risk (OR = 1.86, 95% CI = 1.20-2.89) ( Table 5 ).
MUC6 polymorphism and stomach cancer risk
Fourteen tagSNPs across the MUC6 region were examined in relation to stomach cancer risk, and there was little evidence supporting any main effects of these SNPs, which were further described in Appendix B. To minimize uncertainty in haplotype inference due to inclusion of a large number of tagSNPs, we estimated haplotype effects separately in LD blocks. Based on the HapMap data, these 12 SNPs formed two main blocks and several singletons. SNPs rs1128413, rs4077293, rs7483870, rs7943115, and rs11605303 were in block 1, and SNPs rs11601642 and rs10902076 were in block 2. We did not observe any significant association with any haplotypes in block 1 or block 2 (data not shown).
When we restricted our analyses to non-cardia stomach cancer cases, and subjects with H. pylori infection defined by positivity in anti-H. pylori or/and anti-CagA assays, the results did not change materially (data not shown). Among controls, no significant association was observed between the tagSNPs examined, either by single SNP approach or by haplotype approach, and the status of H. pylori infection (data not shown).
Discussion
In the present study, we investigated the relationship between common genetic polymorphisms in MUC1, MUC5AC, and MUC6 genes and stomach cancer risk using MUC1 is a highly polymorphic mucin-type glycoprotein expressed on the surface of many epithelia, including gastric mucosa. SNP rs4072037, located in exon 2 of MUC1 gene, controls alternative splicing at the boundary between exon 1 and exon 2; specifically the G allele results in the MUC1/A splice product, while the A allele results in the MUC1/B variant [28, 29] . The MUC1/A splice variant encodes MUC1 protein with an additional nine amino acids on the amino terminal side of the tandem repeat region and also is predicted to have an altered amino terminus because of a change of signal peptidase cleavage [28] . This additional sequence could alter intracellular trafficking and/or subsequent MUC1 processing and, therefore, be relevant to MUC1 function. Interestingly, the presence of splice variant A corresponds remarkably with the expression of mRNAs of the larger size class, whereas the presence of variants B corresponds with the expression of smaller ones [28] [29] [30] . Therefore, SNP rs4072037 G allele is correlated with larger size VNTRs and A allele is associated with smaller size. Further, our study showed that homozygotes of smaller size VNTR alleles had an excess risk of stomach cancer. Smaller size VNTRs previously have been associated with an increased risk of H. pylori infection [16] . However, our results suggested that the effect of SNP rs4072037 on stomach cancer risk might not be mediated through H. pylori infection. Further studies are needed to elucidate the mechanisms underlying the observed association. The other five tagSNPs are all located in 3 0 flanking region of MUC1 gene. Additional work is required to characterize the functional aspects of these SNPs and also to determine whether they are themselves the high risk alleles or in LD with a causal variant. MUC5AC gene is located on chromosome 11p15.5 [31] , a region frequently exhibiting loss of heterozygosity in stomach cancer [32, 33] . The expression of MUC5AC is reduced in carcinomas compared to normal tissue independently on gender, age, staging or tumor grading. The reduction of the MUC5AC reactivity has been correlated with worse survival of gastric cancer [34] . To our knowledge, no previous study has investigated the relationship between genetic variation in MUC5AC gene and risk of stomach cancer. In the present study, of the eight MUC5AC tagSNPs, three (rs2014486, rs2735733, and rs868903) showed statistically significant association with stomach cancer risk (although the latter two did not reach significance level after adjustment for multiple testing), and an overall haplotype association with stomach cancer was also observed. The three SNPs are all located in 3 0 flanking region of MUC5AC gene. Because the selection of SNPs in this study was based on a tagging approach rather than on putative function, we are unable to comment in great detail on the possible functional significance of these findings. The exact nature of the functional alterations associated with each tagSNP will require further exploration. Although two studies showed that MUC5AC forms the major receptor for H. pylori in the human stomach [14, 15] , our results suggested processes other than bacterial binding might also be involved. In the present study, we found no significant difference in association with H. pylori status; one possible reason may be the small sample size, given that 84% of the cases and controls tested positive for H. pylori infection.
MUC6 gene is also located on chromosome 11p15.5 [31] . Like MUC1, MUC6 shows extensive VNTR variations [35] . One study showed that small VNTR alleles of MUC6 were associated with an increased risk of H. pylori infection, but did not investigate the relation to gastric cancer [22] . Another study found that small MUC6 alleles were more frequent in stomach cancer cases than in healthy blood donors [23] . In the present study, we have not genotyped this VNTR polymorphism. This polymorphism has a large number of alleles, which results in fractioning the study population into a large number of classes. Even with a large sample size, this makes statistical analysis very difficult. Alternatively, we utilized gene-wide tagging approach to investigate the relationship between common variants of MUC6 gene and stomach cancer risk, and found no evidence for any association. Conflicting results might be explained by the differences in allele frequency due to differences in population structure. An alternative explanation is the limited statistical power. For most of the allele frequencies we studied (C15%), our sample size had an 80% power to detect an OR of 1.76 or higher. Therefore, we cannot exclude the possibility that we failed to detect a smaller genetic effect. Furthermore, we cannot exclude the existence of rare causal or protective variants which were not monitored by our approach. Future studies are needed to clarify the role of variations of MUC6 gene in the development of stomach cancer. The strengths of our study included its populationbased nature and the use of tagSNP approach. The recent availability of comprehensive SNP frequency data through the HapMap consortium allows for more robust assessment of genomic regions of interest rather than simply genotyping SNPs of theoretic a priori significance. Evidence is also accumulating that tagSNPs selected using HapMap data efficiently tag for common variants in European population [36, 37] . However, we were unable to interrogate all tagSNP selected in these genes for technical reasons (assay design or genotyping failure), limiting our ability to test gene-wide associations. Further, 140 cases died before they could be reached, thus their DNA samples were not available; if genetic variants in the mucin genes were associated with survival, then it could lead to survival bias. We compared the characteristics of cases who were interviewed in-person and cases whose information was provided by next of kin. We found no meaningful differences in distributions by gender, age, education, and smoking status, although deceased cases tended to have more advanced tumor stage at diagnosis [38] . We also examined the distribution of the MUC1 and MUC5AC genetic variants across tumor stages, and did not find any pattern of association (data not shown). To our knowledge, no studies to date have linked the mucin genetic variations with stomach cancer prognosis. Notwithstanding, our results need to be replicated preferably in large cohort studies.
In conclusion, this is the first comprehensive analysis of common polymorphisms in MUC1, MUC5AC, and MUC6 genes in relation to the risk of stomach cancer, using the tagSNP approach based on the HapMap data. Our findings provide evidence for association of an increased risk of stomach cancer with some common genetic variations in MUC1 and MUC5AC genes. Further evaluation of the functional relevance of identified variants may eventually lead to a better understanding of gastric carcinogenesis. Appendix A See Table 6 Appendix B See Table 7 . T/C a Minor allele was listed at first followed by major allele 
